The mycovirus cryphonectria hypovirus 1 (CHV1) causes proliferation of vesicles in its host, Cryphonectria parasitica, the causal agent of chestnut blight. These vesicles have previously been shown to contain both CHV1 genomic double-stranded RNA (dsRNA) and RNA polymerase activity. To determine the cellular origins of these virus-induced membrane structures, we compared the fractionation of several cellular and viral markers. Results showed that viral dsRNA, helicase, polymerase, and protease p29 copurify with C. parasitica trans-Golgi network (TGN) markers, suggesting that the virus utilizes the fungal TGN for replication. We also show that the CHV1 protease p29 associates with vesicle membranes and is resistant to treatments that would release peripheral membrane proteins. Thus, p29 behaves as an integral membrane protein of the vesicular fraction derived from the fungal TGN. Protease p29 was also found to be fully susceptible to proteolytic digestion in the absence of detergent and, thus, is wholly or predominantly on the cytoplasmic face of the vesicles. Fractionation analysis of p29 deletion variants showed that sequences in the C terminal of p29 mediate membrane association. In particular, the C-terminal portion of the protein (Met-135-Gly-248) is sufficient for membrane association and is enough to direct p29 to the TGN vesicles in the absence of other viral elements.
Cryphonectria parasitica is the filamentous ascomycete that causes chestnut blight, a disease that resulted in the nearly complete demise of the American chestnut tree (25) . Mycovirus cryphonectria hypovirus 1 (CHV1) infection of C. parasitica reduces virulence of the fungus and has been exploited for the biocontrol of chestnut blight in Europe (24) . CHV1 is a member of the virus family Hypoviridae, distinguished by the ability to attenuate virulence and alter developmental processes upon infection of the fungal host. Specific symptoms of virus infection of the fungus grown in culture include reduced pigment production, suppressed asexual sporulation, loss of female fertility, and modified expression of specific host genes (27, 29, 39, 40) .
CHV1 has a double-stranded RNA (dsRNA) genome and, like other fungal virus dsRNAs, that of CHV1 is not infectious but can be transmitted horizontally by fungal anastomosis (38) and vertically through asexual, but not sexual, spores. Although hypovirus RNA is found in hyphal extracts as dsRNA, the structural characteristics of the dsRNA are reminiscent of a replicative intermediate or replicative form of a singlestranded RNA (ssRNA) virus (53) . In CHV1, the 12.7-kb positive, coding strand is polyadenylated and contains two contiguous open reading frames (ORFs A and B) that encode polyproteins that undergo proteolytic processing (6, 7, 54) . Domains in both ORF A and ORF B share sequence homology with ssRNA plant potyviruses (30) and the polyadenylated strand is infectious (3) , which is consistent with the ssRNA viral replication strategy (11, 44) . CHV1 infection of C. parasitica causes proliferation of vesicles (14, 42, 43) that have been previously shown to contain CHV1 dsRNA, RNA-dependent RNA polymerase (RdRp) activity, and the RdRp protein (16, 17) . Fahima and coworkers investigated the properties of the RdRp associated with dsRNA-containing vesicles and reported on the nature of the products synthesized in vitro. Evidence suggests that the strategy employed by the hypovirulence-associated dsRNA is that typical of positive-strand RNA viruses (16, 17) . Positive-strand RNA virus replication is known to occur in close association with intracellular membranes, and direct evidence for the importance of membranes in virus RNA replication has been obtained in several cases (13, (49) (50) (51) . Different viruses utilize different types of membranes. Alphaviruses and rubella viruses assemble their replication complexes on endosomal and lysosomal membranes (19, 31) , picornaviruses use the endoplasmic reticulum (ER) (1, 52, 56) , and arteriviruses use perinuclear ER membranes (46, 62) .
The study and characterization of the vesicles associated with dsRNA in C. parasitica are of particular interest not only because of the important role they play in viral replication and transcription, but also because characterization of these vesicles might shed light into the mechanism that triggers the phenotypic effects the virus causes on its fungal host. This study reports the origins of the cytoplasmic membranes associated with the CHV1 infection and replication cycle and describes the integration of a viral protein into these vesicle membranes.
polyclonal antibodies, AP-1 cDNA corresponding to amino acid positions Met-1 to Arg-414 was cloned by RT-PCR into KpnI-HindIII restriction sites of the His 6 -tag expression vector pRSET C (Invitrogen, Carlsbad, CA). p29-green fluorescent protein (GFP) fusion deletion constructs were cloned into pCPXHY1 (5) KpnI-SacI restriction sites. To generate the plasmids shown below in Fig. 7 , DNA spanning the sequences of p29 shown was cloned as a KpnI-XhoI fragment into pBSK (Stratagene, La Jolla, CA) which already contained the XhoI-SacI fragment of GFP. The fusion sequences were then moved as a cassette to pCPXHY1 using KpnI-SacI restriction sites. Oligonucleotides were constructed to contain all required restriction sites for initiation and termination, as necessary. XhoI sites were used for in-frame fusion with the GFP gene. Plasmid pCT74 was used as the source of GFP (36) . All DNA fragments generated by PCR were analyzed by DNA sequencing. Deletion constructs were transformed into C. parasitica spheroplasts as previously described (9) . For each deletion three independent transformants were grown, harvested, and analyzed.
Nucleic acid extraction from vesicle preparation and Northern blot analysis. Nucleic acids were obtained by phenol-chloroform extraction of 100 l of each fraction. For Northern blot analysis of CHV1 dsRNA, dsRNA was separated in an agarose gel, blotted into Hybond-N ϩ membrane (Amersham Biosciences, Piscataway, NJ), and hybridized to a CHV1-ORF B probe prepared using a Random Prime DNA labeling kit (Roche, Indianapolis, IN).
Expression of recombinant proteins and antibody generation. CHV1-p29 (Phe-25 to Ala-229), Kex2 (Gln-165 to Asn-559), and AP-1 (Met-1 to Arg-414) were expressed in Escherichia coli BL21(DE3)(LysE) cells and purified by using Ni-nitrilotriacetic acid-agarose beads (QIAGEN, Valencia, CA) according to protocols supplied by the manufacturer. Recombinant purified proteins were injected into rabbits for antibody preparation. To remove nonspecific signal, the antibodies were purified against EP67 for p29 and against BL21 cell lysates for Kex2. Lyophilized mycelia (0.1 g) were homogenized using a HandiShear AC homogenizer (Virtis, Gardiner, NY) in 10 ml Tris-buffered saline, 0.2% Tween 20. One hundred microliters of undiluted p29 antibody was added, and the suspension was incubated with gentle agitation for 5 h at room temperature. For preadsorbing of the Kex2 antibodies, an overnight BL21(DE3)(LysE) culture, previously transformed with wild-type pRSET A plasmid, was grown. The bacterial pellet was resuspended in phosphate-buffered saline (PBS), 0.1% Tween 20 and sonicated. Antibodies were added to the suspension in a 1:100 dilution and then incubated with gentle agitation for 5 h at room temperature. Suspensions were then centrifuged for 90 min at 90,000 ϫ g, and the supernatant was removed and stored at Ϫ20°C until further use. Polymerase antibodies (16) were prepared through affinity purification against agarose coupled to polymerase antigen using the Amino-link coupling kit (Pierce, Rockford, IL). Helicase antibodies (T. Fahima and N. K. Van Alfen, unpublished data) and AP-1 antibodies were also affinity purified on columns with their agarose support covalently linked to the original bacterially expressed antigen using the Amino-link coupling kit (Pierce, Rockford, IL).
Gel electrophoresis and immunoblotting. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using either 12%, 15%, or 4 to 20% gradient acrylamide gels as required and blotted onto nitrocellulose membranes. Western blot detection by chemiluminescent ECL, with SuperSignal West Pico substrate from Pierce (Rockford, IL), was carried out according to the manufacturer's recommendations. Anti-KDEL mouse monoclonal and secondary goat anti-mouse antibody-horseradish peroxidase conjugates were purchased from Stressgen Biotechnologies (Victoria, Canada) and used as specified by the manufacturer. Anti-KDEL was used at 4 g/ml in PBS, 0.05% Tween 20, 3% nonfat dried milk, and secondary goat anti-mouse was at 1:1,000 in PBS, 0.1% Tween 20, and 5% milk. Secondary anti-rabbit-horseradish peroxidase conjugate and primary anti-␤-COP clone M3A5 were purchased from Sigma (St. Louis, MO) and were used at 1:5,000 and 1:500 dilutions in PBS, 0.3% Tween 20, 7% milk, respectively. Anti-P29, anti-Kex2, anti-helicase, anti-polymerase, and anti-AP-1 were rabbit polyclonal antibodies selfprepared as described and used in a 1:4,000, 1:8,000, 1:2,000, 1:100, and 1:200 dilution in PBS, 0.3% Tween 20, 7% milk, respectively. Rabbit polyclonal glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antiserum was kindly provided by M. L. Delgado (12) and used in a 1:3,000 dilution in PBS, 0.1% Tween 20, 7% milk.
Kex2 enzymatic assay. Kex2 protease was solubilized from the crude microsomal membranes or from microsomal fractions by resuspending pellets in Kex2 extraction buffer (50 mM sodium HEPES [pH 7.6], 1 mM EDTA, 50 mM NaCl, 2% sodium deoxycholate, 20% glycerol) and incubated for 60 min at 4°C. The resulting fraction was stored at Ϫ20°C until assayed for activity (28) . Protease susceptibility assay. Subcellular fractions were prepared as previously described but with HEPES-based lysis buffer (HEPES pH 6.8, 150 mM potassium acetate, 250 mM sorbitol, 1 mM magnesium acetate) to prevent permeabilization of membrane compartments. No protease inhibitors were included during the procedure. The P90,000 fraction was resuspended in Feldheim's lysis buffer (18) , and proteinase K (Boehringer Manheim, Germany) was added to the mixtures to achieve a final concentration of 0, 4, 8, 10, 15, 20, and 30 g of proteinase K/ml in the presence or absence of 0.1% Triton X-100. Assays were incubated for 10 min on ice. Proteolytic activity was stopped by adding 4ϫ SDS-PAGE loading buffer containing 5 mM phenylmethylsulfonyl fluoride, and samples were immediately boiled for 10 min and analyzed by SDS-PAGE and subsequent Western blotting.
Biochemical treatments of membranes. Subcellular fractions were prepared as previously described. The microsomal fraction, P90,000, was resuspended in buffer B and treated with 0.1 volume of 1 M Na 2 CO 3 (pH 11) or with 4 M urea or 2 M NaCl in a 1:1 dilution, incubated at 4°C with shaking for 30 min, and centrifuged at 90,000 ϫ g. Pelleted and lyophilized soluble fractions were resuspended in buffer B and analyzed by SDS-PAGE. For the separation of integral membrane proteins in Triton X-114 solution, the P90,000 fraction was diluted 1:1 in 20 mM Tris-HCl, pH 7.4, 300 mM NaCl, and 2% Triton X-114 at 0°C. The clear protein sample was then overlaid on a sucrose cushion of 6% (wt/vol) sucrose, 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.06% Triton X-114 which was previously placed at the bottom of a microcentrifuge tube; the tube was incubated for 3 min at 30°C. Clouding of the solution occurred, and so the tube was centrifuged for 3 min at 300 ϫ g at room temperature. The detergent phase was found as an oily droplet at the bottom of the tube. The upper aqueous phase was removed from the tube and was rinsed with 2% Triton X-114 in a separate tube without sucrose cushion and spun as before. The detergent phase of this last condensation was discarded, and the aqueous phase was analyzed by SDS-PAGE together with the detergent phase previously obtained (2) .
Nucleotide sequence accession numbers. Accession numbers for C. parasitica Kex2 and AP-1 are DQ219470 and DQ218057, respectively.
RESULTS

Subcellular fractionation of virus-infected C. parasitica.
Given the precedents pointing to dsRNA accumulation in vesicle fractions, we used a differential centrifugation and Ficoll-2 H 2 O gradient fractionation protocol widely used for the purification of eukaryotic vesicles to identify the nature of the virus-associated vesicle fraction (15, 23) . We monitored dsRNA accumulation and the presence of CHV1 polymerase and helicase proteins in each fraction ( Fig. 1A and B) . Doublestranded RNA was found to accumulate in the microsomal fraction (P90,000) and, after P90,000 fractionation in a Ficoll-2 H 2 O gradient, in fractions 6, 7, and 8. These fractions were located close to the bottom of the gradient and are referred to as the vesicle fraction (VF) (Fig. 1B, top panel) . Together with the dsRNA, the microsomal fraction and VF contained viral polymerase and helicase proteins (Fig. 1A , top and bottom panels, respectively). The dsRNA was verified to be CHV1 specific through Northern blot analysis (Fig. 1B, bottom  panel) . The same fractions from uninfected strain EP67 did not show the presence of either CHV1 dsRNA or helicase and polymerase proteins. In an attempt to better understand the localization of different vesicle structural components in the fractionation procedure, we looked for ␤-COP and the AP-1 subunit in the same fractions (Fig. 1C) . At the concentration used, ␤-COP could only be detected in the microsomal fraction of the virus-containing strain while AP-1 was present in the P20,000 fraction in both isolates and in the microsomal fraction and VF of the viral isolate alone. These results show that there is greater membrane proliferation in the viral strain, as shown by the abilities of the antibodies to detect ␤-COP and AP-1 antigen in the microsomal fraction of EP802 while not in the microsomal fraction of EP67. Also evident from this blot is that ␤-COP is not detected in subfraction VF, while AP-1 is only detected in the VF of EP802.
To further characterize the kind of vesicles utilized by the virus, we monitored dsRNA accumulation and other specific CHV1 markers in each fraction together with C. parasitica organelle-specific markers. The viral p29 gene was cloned and expressed, and the recombinant protein was purified and used to produce polyclonal antibodies. Antibodies raised against p29 reacted specifically on Western immunoblot assays with a 29-kDa polypeptide from the P90,000 fraction of EP802, but not with any fraction of EP67 ( Fig. 2A) . To identify the various fractions of the isolation procedure, the viral protease p29, the ER marker KDEL, the trans-Golgi Kex2 protease, and the cytosolic protein GAPDH were sought in each fraction (Fig.  2B ). All antibodies used reacted specifically with bands of the expected molecular weight. As expected for soluble proteins, cytosolic GAPDH could be found in all fractions and was predominantly recovered in the S90,000 fraction. p29, KDEL, and Kex2 fractionated into the microsomal fraction (P90,000) and were undetectable in S90,000, reflecting localization within
Fractions of uninfected (EP67) and CHV1-infected (EP802) strains of C. parasitica, obtained by differential centrifugation. Cell lysates were centrifuged at 5,000 ϫ g, 20,000 ϫ g, and 90,000 ϫ g. Pellets (P) and supernatants (S) were collected and analyzed. The microsomal fraction, P90,000, was further fractionated on a Ficoll-2 H 2 O gradient. The fractions from EP802 that contained viral elements were pooled together and labeled as VF. Corresponding fractions from strain EP67 were also pooled and labeled as such. vesicles or their membranes. Figure 3 shows the Ficoll-2 H 2 O gradient fractionation profile of the P90,000 microsomal fraction. Gradient fractions were assayed for Kex2 activity, for the presence of KDEL and GAPDH, and for viral dsRNA and p29. Viral dsRNA and p29 were always associated with fractions near the bottom of the gradient from strain EP802 (Fig.  3B and C) . The viral elements were not detected in analogous fractions extracted from EP67 (data not shown). Fractions containing the viral elements also contained the peak in Kex2 activity (Fig. 3A) , indicating that the viral elements cofractionated with fungal TGN. ER marker KDEL was localized in upper fractions, and GAPDH was not detected in the gradient fractions. Due to the fact that dsRNA gels were loaded using equal volumes while Westerns blots were loaded based on equal protein amounts (see Materials and Methods), intensities on the Western blot signal and dsRNA gels cannot be quantitatively compared.
For a more detailed characterization of the vesicles of EP802 separated on the gradient, three more markers were used to better identify the fractions: the viral helicase, ␤-COP, required for the retrieval of proteins from an early Golgi compartment to the ER (15) , and the AP-1 subunit adaptor protein, found specifically on the TGN and endosomes (48) (Fig. 4) . The same fractionation pattern as in Fig. 3 could be observed, with viral elements that associated with the bottom fractions and cofractionating with Kex2 and AP-1, indicating that the viral elements are associated with the TGN. In contrast, KDEL and ␤-COP migrated to the upper fractions, showing clear distinction between the ER and the intermediate compartment, and the viral vesicles associated with the TGN.
p29 is an integral membrane protein. Analysis of the primary sequence of p29 does not reveal regions that are typically found in proteins associated with membranes, i.e., the hydrophobicity profile of p29 does not show any regions of sufficient length and hydrophobicity that could qualify as transmembrane domains (Fig. 5A) . To determine if p29 is an integral or peripheral membrane protein, biochemical analyses were performed using the microsomal fraction from EP802. p29 remained associated with the membrane fraction after extraction with 1 M NaCl, 0.1 M Na 2 CO 3 (pH 11), or 2 M urea (Fig. 5B,  left panel) . These treatments would be expected to dislodge proteins that were weakly or peripherally associated with membranes. A Triton X-114 phase partition analysis was also carried out. In this experiment the p29 in the P90,000 fraction partitioned mainly to the detergent phase (Fig. 5B, right  panel) . Thus, despite the absence of obvious membrane-spanning regions, p29 displayed high affinity for membranes.
Protease susceptibility of membrane-associated p29. To investigate the distribution of p29 with respect to the cytosolic and lumenal faces of the TGN vesicles, we assayed the susceptibility of p29 to proteolysis. Parts of p29 that localize to the cytoplasmic side of the vesicles will be accessible to the protease in a detergent-independent fashion, while any parts of p29 that protrude into the lumen of the vesicle should only be degradable after solubilization of the vesicle membrane with detergent. The P90,000 membrane fractions of strain EP802 were prepared and subjected to increasing amounts of proteinase K (Fig. 6) . As a control we used Kex2 protease, an enzyme that resides in the lumen of the late Golgi and has a transmembrane domain and a cytoplasmic tail (21, 22) . The Kex2 cytoplasmic tail was degraded due to proteolytic activity with increasing concentrations of proteinase K, while a 70-kDa fragment was protected from proteolytic activity in the absence of detergent even at the highest protease concentrations. Addition of Triton X-100 rendered the Kex2 70-kDa lumenal fragment susceptible to degradation. The sensitivity of p29 to proteinase K was analyzed in parallel to that of Kex2. In contrast to Kex2, p29 was equally susceptible to proteolysis in the absence or presence of Triton X-100. Degradation intermediates that accumulated and were degraded were observed and had increased susceptibility to protease upon addition of Triton X-100; however, a slight increase in susceptibility to protease upon addition of Triton X-100 was also observed in the cytoplasmic tail of Kex2. When comparing Kex2 and p29 in the absence of detergent, p29 and its degradation intermediate were both almost totally degraded at 20 and 30 g/ml proteinase K, while the lumenal part of Kex2 was completely protected at these concentrations (Fig. 6, top panel) . Deletion analysis of p29 membrane association. To characterize the p29 membrane interaction in vitro and in vivo, plasmids were constructed that expressed p29 derivatives with Cterminal or N-terminal truncations of various lengths fused to GFP (Fig. 7A) . The microsomal and soluble fractions, P90,000 and S90,000, were analyzed (Fig. 7B) . In these assays, p29 was recovered in all cases in the P90,000 fraction and none could be detected in the soluble fraction.
Deletion of the C-terminal region in constructs GFP/ p29⌬229-248 and GFP/p29⌬(1-24) (229-248) resulted in unstable proteins that could not be detected by Western blotting or UV fluorescence microscopy; plasmid presence was verified by Southern blot analysis (data not shown). Constructs GFP/p29⌬1-24, GFP/p29⌬1-73, and GFP/p29⌬1-134 with N-terminal deletions did not alter membrane association patterns of p29 under the experimental conditions used. Thus, the p29 membrane association domain could be mapped to its C-terminal region, between amino acids Met-135 and Gly-248. Although the C-termi-
FIG. 4. Agarose gels showing Ficoll-
2 H 2 O gradient fractions of the CHV1-infected strain EP802 microsomal fraction, P90,000. The presence of CHV1 dsRNA, p29, CHV1-helicase, KDEL (ER marker), Kex2 (TGN marker), ␤-COP (intermediate compartment, ER to Golgi marker) and AP-1 (TGN and endosome marker) in the various fractions were detected using ethidium bromide staining for nucleic acids (dsRNA) and Western blot assays using antibodies to the proteins. The profile of GAPDH is not shown since it was below the detection limit in the gradient fractions.
FIG. 5. (A) CHV1
-p29 hydrophobicity plot. Hydrophobicity was calculated by using the algorithm of Kyte-Doolittle with a window size of 7 amino acids using the SDSC Biology workbench web-based tool (34) . (B) Extraction and Western blot analysis of p29 in CHVI-infected strain EP802. The P90,000 fraction was extracted with either 1 M NaCl, 0.1 M Na 2 CO 3 (pH 11.5), or 2 M urea and subjected to centrifugation at 90,000 ϫ g, yielding the soluble fraction (S) and pellet (P). The total P90,000 fraction was also fractionated into aqueous (AP) and detergent-soluble (DP) phases after treatment with 1% Triton X-114. Samples were analyzed by Western blotting using p29 antibodies.
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nal region alone retained high levels of membrane association, we cannot rule out a possible accessory role of the N-terminal region of p29 in membrane association. Attempts to visualize and characterize the GFP fusions in vivo were unsuccessful due to high background levels of free GFP, likely derived from self-cleavage of the fusion protein. When analyzing constructs GFP/p29 and GFP/p29⌬1-24 on a 15% SDS-PAGE, no significant molecular mass differences could be observed between these two constructs and EP802 p29. Constructs GFP/p29⌬1-73 and GFP/p29⌬1-134, however, produced bands of approximately 22 and 23 kDa, respectively, that reacted with both p29 and GFP antibodies in Western blot analysis. To assess the nature of the membrane to which each of the constructs attached, a Ficoll-2 H 2 O gradient was used to fractionate the P90,000 extract of each independent construct (Fig. 8 ). All N-terminal deletions were found in the same fractions as virus-containing vesicles of strain EP802. These results indicate that the C-terminal region of p29 (Met-135-Gly-248) not only mediates membrane association but also is able to direct its association to the same membranes as the native p29. Moreover, it is able to do so in the absence of other viral components.
DISCUSSION
Interest in CHV1 stems both from its potential as a biological control agent for chestnut blight and as a tool to study FIG. 6 . Protease susceptibility of CHV1 p29. Aliquots of the P90,000 microsomal fraction of CHV1-infected strain EP802 were incubated with increasing amounts of proteinase K. Assays were carried out in the absence (top panel) or presence (bottom panel) of 0.1% Triton X-100. Western blots were generated using p29 antibodies and as a control using antibodies against Kex2. Kex2 is a lumenal (arrow) TGN resident that has a transmembrane domain and a cytoplasmic tail.
FIG. 7. (A)
Schematic representation of p29 deletion constructs. Deletion constructs of p29 coding sequences were fused to GFP. (B) Western blots using p29 antibodies are shown for the microsomal (P90,000) and soluble (S90,000) fractions for each of the deletions. All analyses were done using three independent transformants; representative results are shown.
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fungal development, especially virulence expression. Since CHV1 affects development without affecting vegetative growth of the fungus, it is likely that the effect of the virus on fungal development is specific rather than a result of general debilitation, making this an excellent model system. There has been progress in the identification of virus-encoded hypovirulence symptom determinants (57, 58) , the identification of specific host genes and proteins affected by CHV1 (29, 41) and, with this report, an understanding of the nature of the vesicles used by the virus for replication. Current evolutionary evidence indicates a common ancestry of the chestnut blight hypovirulence-associated dsRNA with the potyviruses (30), a group of positive-strand RNA plant viruses. The majority of CHV1 RdRp in vitro products were found to be plus stranded (16) , and the positive strand of CHV1 was found to encode two ORFs and to be infectious (3, 6, 7, 53) . These data are consistent with an ssRNA viral replication strategy (11, 44) , and it has been proposed that the dsRNA is a replicative form of an ssRNA virus (53) . A universal feature of the replication complexes of positive-stranded RNA viruses is their association with host membranes (49, 55, 64) . CHV1 dsRNA has previously being shown to associate with vesicles and to cause vesicle accumulation in C. parasitica (14, 23, 42, 43) . In this study we have confirmed these findings and have further characterized the intracellular membranes targeted by CHV1. We show that CHV1 elements colocalize with membranes derived from the TGN of C. parasitica (Fig. 3  and 4) . In contrast, ER markers were not associated with elements of the virus (Fig. 3 and 4) . This is important not only because it rules out the presence of mixed membranes in the fractions of interest, but also because most potyviruses are known to assemble their replication complexes on ER-derived membranes. Therefore, the CHV1 replication complex behaves differently from its ancestors. The finding that CHV1 elements colocalize with the TGN markers is consistent with the ultrastructural studies of infected C. parasitica cells, which describe membrane-bound virus-like particles, measuring 50 to 90 nm in diameter, located behind the hyphal tip and found in association with a unique type of Golgi cisterna (42, 43) . Our finding that CHV1 targets the TGN would also explain the presence of the virus-like particles behind the hyphal tip, as found by Newhouse and coworkers, a region that is usually free of mycovirus particles in other infected fungi (63) .
Most picornaviruses, including potyviruses, cause a significant proliferation of various host membranes, but they assemble their replication complexes on ER-derived membranes (1, 52, 56) . Deletion analysis of potyvirus tobacco etch virus peptide 6K2 has demonstrated its association with large vesicular compartments derived from the ER, and it has consequently been proposed that the 6K2 peptide anchors the replication apparatus to ER-like membranes (51, 61) . The hijacking of membranes of the late secretory pathway, however, is not uncommon. Some alphaviruses, for example, assemble their replication complexes in the endo-lysosomal compartment (19, 31) , and recently it was found that Kunjin virus, a member of the flavivirus superfamily, assembles its replication complex at TGN membranes (37) . A unique aspect of the host-virus interactions of CHV1 is the general lack of adverse effects of infection on vegetative growth. The TGN vesicles that proliferate as a result of virus infection may not, therefore, be important for vegetative growth but may be specific to developmental processes. If true, the virus targets a subset of the TGN vesicles.
Similarities between p29 and the multifunctional potyvirus protease HC-Pro have been noted (10, 57) . Plant potyvirus HC-Pro proteins consist of three possible domains: (i) a cysteine-rich, N-terminal region, (ii) a central domain, and (iii) a C-terminal proteolytic domain (61) . p29 of CHV1 contains the cysteine-rich and protease domains but lacks the central domain (30) . In addition to the similarities regarding the autocatalytic cleavage at glycine dipeptides and the C-terminal protease domains, the N-terminal domains of p29 and HC-Pro contain four conserved cysteine residues. These conserved residues reside within the p29 symptom determinant domain. Similarities between HC-Pro and p29 also relate to their multifunctional nature. HC-Pro has been reported to facilitate aphid transmission, to promote potyvirus genome amplification, to catalyze polyprotein processing, to stimulate long distance movement, and to suppress RNA silencing (61) . Functions assigned to p29 include autoproteolysis and suppression of host lacasse expression, pigment production, and asexual sporulation (10) . p29 also enhances viral dsRNA accumulation and vertical virus transmission through asexual spores (58) .
p29 membrane affinity and topology. Despite the lack of regions with sufficient hydrophobicity to serve as membranespanning domains, p29 was always found associated with membranes. Treatments known to dissociate peripheral proteins from membranes, such as treatment with high salt and high pH, did not release p29 from the membrane fraction (Fig. 5B) . The behavior of p29 protein during these treatments strongly suggests that it associates with membranes as an integral protein. Experiments with deletion derivatives fused to GFP showed that the necessary sequence for membrane association is comprised at the C-terminal domain of p29, in particular between amino acids 135 and 248, and that this region is sufficient to direct p29 to the TGN. No other viral sequences were necessary for the direction and integration of p29 into the FIG. 8 . Western blot analysis showing gradient fractions for each of the deletion constructs transformed into strain EP67 and CHV1-infected strain EP802 analyzed by Western blotting using p29 antibodies. Deletion construct nomenclature is the same as for Fig. 7 , and gradient fractions are the same as in Fig. 3 and 4. Analyses were carried out using three independent transformants for each construct; representative results are shown.
TGN membranes. Constructs lacking the p29 C-terminal domain were unstable and, thus, we were unable to determine if this deletion renders the protein soluble. It would be interesting to know if the p29 of CHV2-NB, another member of the hypoviridiae, that lacks the C-terminal region of p29 (26) retains a membrane-anchoring function.
The possibility that portions of the membrane-associated p29 protein reside within the lumens of these vesicles was tested using protease susceptibility analyses. Results showed that the viral protease p29 is predominantly on the cytoplasmic face of the vesicles. Our results do not rule out that there could be one or more lumenal regions of p29 that lack epitopes for the polyclonal anti-p29 antisera used. Nevertheless, they show that substantial portions of p29 are protease accessible in the absence of detergent, indicating that p29 is predominantly associated with the cytoplasmic face of the vesicles (Fig. 6) . This is consistent with its lack of highly hydrophobic and potential transmembrane domains (Fig. 5A) . The basis of the high affinity of p29 to the TGN membranes is not known. Protease p29 may belong to a "nonconformist" class of integral membrane proteins containing C-terminal or C-terminal-proximal anchor sequences that insert by a posttranslational signal recognition particle-independent pathway (33) . These tail-anchored proteins, which include cytochrome b 5 and synaptobrevin, face the cytoplasm with their C-terminal insertion sequence (typically 16 to 20 amino acids) embedded within the membrane (32, 33, 51) . Alternatively, monotopic binding by amphipathic ␣-helix has been suggested for several viral proteins which lack continuous hydrophobic anchor sequences. The amphipathic ␣-helix strategy has been proposed for components of picornavirus and several plant virus replication complexes (49) . Poliovirus protein 3A localizes to the ER when expressed in isolation, and its precursor behaves as an integral membrane protein, the binding region being mapped to a Cterminal hydrophobic region of only 7 amino acids. However, the exact binding mechanism is not known (4, 59) . Similar to p29, 3A also shows a cytosolic topology. Interestingly, CHV1-p29 protein sequence predicts an amphipathic ␣-helix at its C-terminal end (data not shown).
Intracellular localization of deletion derivatives. Previous deletion analyses of CHV1 infectious cDNA clones used to identify virus-encoded symptom determinants concluded that, while nonessential for viral replication or hypovirulence, p29 does contribute to specific phenotypic changes in CHV1-infected fungal strains, including reduction of host pigmentation and significant reduction of asexual sporulation (10). Moreover, Suzuki and coworkers (57) mapped the p29 symptom determinant domain within the N-terminal region between Phe-25 and Gln-73. Mutations of the CHV1-EP713 infectious cDNA involving cysteine-to-glycine substitutions identified conserved p29 Cys-70 and Cys-72 as crucial in p29-mediated phenotypic modulations (57) .
In this study we have shown that p29 membrane association is independent of its symptom determinant domain. Transformation of uninfected C. parasitica with full-length p29 and p29⌬1-24 resulted in suppression of asexual sporulation and pigment formation (data not shown). Deletions p29⌬1-73 and p29⌬1-134, as well as GFP alone, resulted in no effect on the fungal phenotype, yet all deletions integrated into the membrane (Fig. 8) . These findings are consistent with the report (10) that p29-mediated symptom expression is independent of its protease activity. Symptom expression was mapped to the N-terminal region of p29, while its proteolytic activity was found in its C-terminal domain. Our results are consistent with previous reports (9, 54) that p29 causes loss of host asexual sporulation and colony pigmentation without the need for other viral proteins.
Our results show that the CHV1 replication complex associates with membranes derived from the TGN of C. parasitica and that the CHV1 p29 protease is an integral membrane protein, with most of the protein exposed to the cytoplasmic face of the TGN vesicles. Membrane association determinants were shown to be within the C-terminal domain of p29 (Met-135-Gly-248) and N-terminal deletions of p29 until Met-135 did not affect its intracellular localization in EP67, suggesting that the C-terminal region is enough to direct p29 to the TGN vesicles in the absence of other viral elements. However, a possible accessory contribution of the N-terminal region to this membrane association cannot be ruled out. The finding that most of the p29 protein is localized to the cytoplasmic face of TGN vesicles may provide clues as to how this protein is involved in causing some of the virus-induced host symptoms. With its cytoplasmic orientation, p29 is available for interaction not only with other viral elements but also with fungal elements as well. These interactions or abolishment of specific fungal interactions by p29 could be the cause of the fungal phenotypic changes observed and deserves further examination.
